Purpose: To explore whether individuals with aphasia exhibit differences in the M350, an electrophysiological marker of lexical activation, compared with healthy controls. Method: Seven people with aphasia, 9 age-matched controls, and 10 younger controls completed an auditory lexical decision task while cortical activity was recorded with magnetoencephalography. There were 2 stimulus conditions of interest: identity primed (i.e., a word preceded by itself) and semantic primed (i.e., a word preceded by a semantically related word). Latency and amplitude of the M350 response as well as reaction time were measured. Results: Consistent with the age-matched control group, the group with aphasia showed both identity and semantic priming behaviorally. In contrast to the control groups, the group with aphasia did not show either semantic or identity priming of the M350 response. This group also demonstrated longer M350 latencies than either control group. Furthermore, within this group, M350 latency was positively correlated with a measure of semantic impairment. Conclusions: These findings highlight the usefulness of temporally sensitive measures when studying aphasia and demonstrate that the latency of electrophysiological markers is of interest in this population. In particular, increased M350 latency appears to be indicative of a semantic processing impairment.
I mpaired activation of lexical representations in people with aphasia can account for word retrieval deficits during productive tasks as well as for some auditory comprehension deficits. A more precise understanding of these impairments may lead to more efficient treatment strategies and improved outcomes measures for aphasia. With this in mind, a variety of methods have been used to explore lexical activation in aphasia, including reaction-time-based behavioral tasks and electrophysiological measures. In this study, we combined these approaches to assess a group of individuals with aphasia whose lexical processing deficits were carefully characterized. More specifically, we presented a priming task to the participants while their cortical responses
were measured with magnetoencephalography (MEG). Our primary aim was to determine whether the presence, latency, amplitude, or sensitivity to priming of the M350, a MEG component associated with lexical processing, differed in people with aphasia compared with controls. We also attempted to explore whether M350 differences were associated with either phonological or semantic processing deficits.
Priming tasks are among the most commonly used behavioral approaches for studying the mental lexicon. Semantic priming, in which processing of a target word is facilitated by prior presentation of a semantically related word (the "prime"), has been widely used for investigating how words are accessed and comprehended (Lucas, 2000; Meyer & Schvaneveldt, 1971) . The semantic priming effect is often measured by using a lexical decision task, in which participants are required to indicate whether the target is a real word or a nonsense word; responses are faster and more accurate to primed than unprimed targets (Meyer & Schvaneveldt, 1971; Neely, 1991) . This effect is attributed to the prime activating semantic features that are shared with the target or to spreading activation from the prime to the target (Neely, 1991) . Automatic activation is sufficient to support the semantic priming effect, but priming is stronger when task conditions allow for the use of more controlled a processing strategies (Fischler, 1977) . Identity priming is a less commonly used paradigm in which a target word is primed by itself; its facilitatory effects are more robust than those seen with semantic priming (Ochsner, Chiu, & Schacter, 1994) . These effects are primarily attributable to reactivation of lower-level physical and structural features of the stimulus but may also be due in part to reactivation of semantic features, especially when longer response times are used or when the response requires the use of conceptual information (Ochsner et al., 1994) .
A considerable number of studies have used semantic priming tasks to assess receptive lexical retrieval in aphasia. The findings have been mixed: Some investigators have observed semantic priming (Baum, 1997; Blumstein, Milberg, & Shrier, 1982; Ostrin & Tyler, 1993) , while others have documented an absence of priming (Milberg & Blumstein, 1981; Milberg, Blumstein, & Dworetzky, 1987) . In an early series of studies, the authors suggested that priming differences in aphasia are due to atypical levels of activation in the lexical nodes, with an overactivation of automatic lexical processes in Wernicke's aphasia and an underactivation of these processes in Broca's aphasia (Blumstein, 1997; Blumstein et al., 1982; McNellis & Blumstein, 2001; Milberg & Blumstein, 1981; Milberg et al., 1987; Milberg, Blumstein, & Dworetzky, 1988) . However, later studies failed to support the predictions resulting from this interpretation, and other investigators have suggested that priming differences in aphasia may be due to an abnormal time course of activation (Hagoort, 1997; Prather, Zurif, Love, & Brownell, 1997; Prather, Zurif, Stern, & Rosen, 1992) . One individual with aphasia showed priming effects over a wider range of interstimulus intervals (ISIs; the time between the offset of the prime and the onset of the target) than control participants, while two others showed delayed priming effects, requiring longer ISIs in order to show priming (Prather et al., 1992 (Prather et al., , 1997 Stern, Prather, Swinney, & Zurif, 1991) . The possibility of a disrupted time course is particularly interesting because timing is acknowledged to play a crucial role in models of lexical access in typical speakers (Levelt, Praamstra, Meyer, Helenius, & Salmelin, 1998) . If the correct lexical information is not available at the right time or stays activated for too long, the retrieval process may be disrupted.
Electrophysiological methods, including electroencephalography (EEG) and MEG, are useful tools for examining the timing of lexical processing in people with aphasia. These methods are capable of tracking cortical activation with millisecond precision. Furthermore, they do not require an overt response and may therefore offer a more direct look at automatic lexical processing, unconfounded with postlexical processes or response preparation. The N400, an event-related potential (ERP; i.e., EEG time-locked to stimulus presentation) first described by Kutas and Hillyard (1980) , is an interesting candidate for further study in aphasia because it reflects lexical processing. The N400 peaks approximately 400 ms after onset of a stimulus word, whether spoken or written (Holcomb & Neville, 1990) . Its amplitude is modulated by a number of tasks that require lexical processing, including semantic priming; a smaller N400 amplitude is produced in response to a primed target word (Bentin, McCarthy, & Wood, 1985; Holcomb, 1993) . Although the N400 was initially interpreted as a marker of the integration of a lexical concept into the surrounding semantic context (i.e., a postlexical process; Brown & Hagoort, 1993; Kutas & Hillyard, 1980) , recent evidence indicates that the N400 reflects ease of lexical access (Lau, Almeida, Hines, & Poeppel, 2009; Lau, Phillips, & Poeppel, 2008) . The MEG response known as the M350 or N400m is analogous to the N400 (Halgren et al., 2002) ; its amplitude and latency are affected by many of the same factors that modulate the N400 amplitude. Consistent with current ideas about the N400, Pylkkänen and Marantz (2003) suggested that the M350 arises from spreading activation among lexical representations. This suggestion is in agreement with calculations, based on behavioral data, which yield an estimation that lemma activation in response to auditory word stimuli occurs in the time window of 325-400 ms poststimulus onset (Indefrey & Levelt, 2004) .
Several studies have measured the N400 in people with aphasia, and MEG has also been used to record brain activity during lexical processing tasks in people with aphasia. Most studies looking at the N400 have found that this response is present but altered in at least some people with aphasia (e.g., Friederici, von Cramon, & Kotz, 1999; Hagoort, Brown, & Swaab, 1996; Swaab, Brown, & Hagoort, 1997 . In particular, impaired auditory comprehension is associated with a delayed or diminished N400 response (D'Arcy et al., 2003; Hagoort et al., 1996) . Compared with the number of studies using EEG to assess lexical processing in aphasia, there are few studies using MEG in this population. Some of these studies examine language production, particularly naming Meinzer et al., 2008; Sörös, Cornelissen, Laine, & Salmelin, 2003) . Others track changes in cortical activity in response to a particular treatment but focus on the spatial distribution of activation and do not provide an analysis of activation latency (Breier, Juranek, et al., 2009; Breier, Randle, Maher, & Papanicolaou, 2009) . Only one study (Breier et al., 2004) has examined M350-like activity in individuals with aphasia. The authors of this study used MEG to examine cortical activity in six people with chronic aphasia and six controls during an auditory recognition task. The controls exhibited activation predominantly in the left superior temporal gyrus (STG), in addition to other areas. In the people with aphasia, less left STG activation was observed, and peri-lesional activity was frequently seen. The authors noted that the onset of a " later component" of activation (i.e., after resolution of the primary auditory response) in the left hemisphere was significantly delayed in the people with aphasia compared with the control participants, with a delay of more than 100 ms. A strong positive correlation between the Western Aphasia Battery (WAB; Kertesz, 2006) comprehension index and activity within the left STG was observed; this correlation did not reach significance, likely due to the small number of participants. Furthermore, the WAB comprehension index was significantly negatively correlated with the timing of onset of the later component of activation in the left STG.
The available data indicate that disrupted lexical processing can be reflected in electrophysiological measures. Furthermore, both MEG and EEG studies broadly agree that people with aphasia exhibit reduced and possibly delayed activation of the left temporal lobe several hundred milliseconds after presentation of a stimulus word, and the reduction and/or delay may be related to the degree of auditory comprehension impairment. Because of physical differences in the properties that MEG and EEG measure, MEG has some potential advantages over EEG for further investigating lexical processing in people with aphasia. Whereas the cortical electrical potentials recorded with EEG are distorted by the presence of the skull and scalp, magnetic fields measured with MEG are not; this makes it possible to localize sources with greater accuracy when using MEG than when using EEG (Cohen & Halgren, 2003 ). More precise source localization could have important implications in individuals with brain lesions. In addition, because of the geometry of the cortex, EEG can measure some sources that MEG cannot (Cohen & Halgren, 2003) . Therefore, MEG components should track a more circumscribed set of processes than the corresponding EEG components. In keeping with this, Pylkkänen and Marantz (2003) proposed that the N400 may reflect several processing stages, while the M350 corresponds to an early subset of these stages. This greater precision in terms of which cognitive subprocesses are being tracked could prove useful when differentiating among language deficits.
No study to date has explicitly looked at and attempted to manipulate the M350 in people with aphasia. Given that behavioral priming data have led to the suggestion that some people with aphasia may suffer from impaired or delayed automatic lexical activation and that the M350 is thought to reflect automatic-spreading lexical activation, monitoring this signal in individuals with aphasia could yield interesting results. In particular, a decreased amplitude or increased latency of the M350 would indicate a deficit of automatic-spreading activation among lexical representations. Accordingly, we evaluated the presence, latency, amplitude, and sensitivity to priming of the M350 in people with aphasia as well as in age-matched and younger control participants. Inclusion of an age-matched control group is important because there is evidence that older adults may show larger behavioral semantic priming effects as well as differences in the cortical response to priming (Cameli & Phillips, 2000; Laver & Burke, 1993) . The younger control group was included so that data from the tasks could be understood in the context of the wider literature on lexical processing, much of which includes young, healthy participants. For the participants with aphasia, we also included a battery of clinical assessments that primarily tested phonological and semantic processing abilities, in order to explore whether any M350 differences could be associated with either of these processing stages. During MEG recording, participants completed a carefully controlled behavioral priming task capable of addressing features of cognitive-linguistic models of retrieval. This was conducted in the auditory domain in order to maximize functional significance. A powerful singletrial analysis approach was used to assess the MEG data, allowing for the data to be examined at the singlesubject level as well as at the group level.
We predicted that, at the group level, the people with aphasia would (a) show a smaller amplitude and longer latency of the M350, compared with controls; (b) show identity priming of the M350, realized as smaller amplitude and/or shorter latency in the primed compared with the unprimed condition; and (c) fail to show semantic priming of the M350 response. The first prediction is consistent with previous findings (from Breier et al., 2004) and is expected because the group with aphasia will presumably have deficits in lexical activation, which the M350 is thought to reflect (Pylkkänen & Marantz, 2003) . The second prediction supposes that if impairments in automatic-spreading lexical activation are mild or moderate, identity priming of the M350 could still occur. This type of priming should be very robust, as it involves activation and reactivation of the exact same lexical representation-and, hence, the same spread of activation in the lexical network. The third prediction follows the reasoning that if spreading lexical activation is disrupted in aphasia, automatic semantic priming will be decreased or absent because the target word will not be preactivated by the prime. Since the M350 is thought to reflect automatic lexical activation, it should not show semantic priming in aphasia. Critically, we did not predict that the behavioral priming results and the M350 priming results would necessarily show the same patterns. Although the M350 is thought to track automaticspreading activation, behavioral reaction times can reflect the sum of this and other, less automatic, processes.
Method

Participants
A total of 26 individuals were included in this study: 7 people with aphasia (1 woman; ages: range = 52-65 years, M = 59.1 years; years of education: range = 12-20, M = 16.9), 9 age-and education-matched controls (7 women; ages: range = 48-66 years, M = 59.0 years; years of education: range = 14-22, M = 17.1), and 10 younger controls (5 women; ages: range = 18-33 years; M = 25.9 years). All participants were right-handed native speakers of English and reported no history of serious head injury or neurological disease (except for stroke in the group with aphasia). Further demographic data for the people with aphasia, including age, sex, and time poststroke, can be found in Table 1 . People with aphasia and older controls underwent a hearing screen across the speech frequencies and completed the Boston Naming Test (BNT; Kaplan, Goodglass, & Weintraub, 2001) . The BNT was used with the older controls to screen for the presence of any word-finding difficulties, which could suggest early stages of a memory, language, or other cognitive impairment. The older control group's mean BNT score was 58.8 (range = 55-60), with no person scoring more than 1 SD below the mean for his or her age range according to the BNT norms for healthy individuals. The mean BNT score for the people with aphasia was 45.3 (range = 0-57). Three people in this group scored more than 1 SD below the mean for their respective age ranges according to the BNT norms for healthy individuals. The Mann-Whitney U test was used to compare age, years of education, and scores on the BNT between the group with aphasia and the older controls. Age (U = 28.0, z = -0.37, p = .71) and years of education (U = 28.5, z = -0.33, p = .75) did not differ significantly between groups, whereas BNT scores did (U = 7.0, z = -2.64, p < .01).
All participants gave informed consent and were paid for their participation. The research protocol was approved by the MIT Committee on the Use of Humans as Experimental Subjects and the Spaulding Rehabilitation Hospital Institutional Review Board.
Clinical Testing
Prior to enrolling in the study, each participant with aphasia had been diagnosed as aphasic by a certified speech-language pathologist using a standardized clinical test. The participants with aphasia completed a battery of clinical tests selected to assess auditory comprehension, semantic processing, and receptive phonological processing. Tasks were selected (and, where noted below, adapted) to be relatively challenging so that they would be appropriately sensitive to subtle deficits, since some of the participants with aphasia were mildly impaired. These tasks included the following:
The auditory comprehension subtests of the Boston Diagnostic Aphasia Examination (BDAE; Goodglass, Kaplan, & Barresi, 2001 ): Word Comprehension, Commands, and Complex Ideational Material.
A semantic picture matching task adapted from the Florida Semantics Battery (Rothi, Raymer, Maher, Greenwald, & Morris, 1991) .
Tasks from a battery described and normed by Martin, Schwartz, and Kohen (2006) 
Experimental Task
The priming task included 544 prime-target pairs, divided as follows: (a) 100 identity pairs, in which the prime and target were identical; (b) 100 semantically related pairs, in which the prime and target were semantically related; (c) 100 control pairs, with a target corresponding to one of the identity pairs and one of the semantically related pairs but with a different prime; (d) 99 unrelated word-word pairs; (e) 100 word-nonword pairs; and (f ) 45 nonword-nonword identity pairs. The semantically related pairs were adapted from several sources (Chiarello, Burgess, Richards, & Pollock, 1990; Fischler, 1977; Glosser & Friedman, 1991; McRae & Boisvert, 1998; Moss, Ostrin, Tyler, & Marslen-Wilson, 1995; Shelton & Martin, 1992) or were created. Notably, the related pairs were not associated (i.e., pairs that appear in free association norms; none of the targets were given in response to the primes by more than 2% of participants in the University of South Florida Free Association Norms; Nelson, McEvoy, & Schreiber, 1998) . Note. M = male; F = female.
This was done to ensure that any automatic priming effects were due to semantic relationships and not to spreading activation at a lower level (such as phonological word form) due to co-occurrence (Fischler, 1977) . Furthermore, the use of nonassociates should reduce a participant's ability to overtly guess the target based on the prime or to use strategies of which the participant is not necessarily aware (such as the generation of an expectancy set; Neely, 1991).
All words and nonwords were monosyllabic. Nonwords were phonologically allowable in English, developed by changing a single phoneme in a real word. The stimuli were digitally recorded by a trained male speaker at a sampling rate of 16000 Hz. The mean stimulus duration for target items was 441.8 ms (SD = 21.9 ms). The stimuli were subsequently incorporated into a script written with DMDX (software developed at Monash University and at the University of Arizona by K. I. Forster and J. C. Forster) stimulus presentation software. In the script, the stimulus pairs were presented across three blocks in a pseudorandom order, such that no target was repeated within the same block ( Figure 1 ). Each pair had a 1.5-s ISI, and there were 3.5 s between pairs.
Participants were instructed to decide whether the second word in each stimulus pair (i.e., the target) was a real word or a nonsense word and to communicate that decision by button press. They were told to respond as quickly as possible without impeding accuracy. The buttons were always controlled by the left hand. Participants completed a brief training session on the task before the experiment commenced. During the task, the participant's reaction times (RTs) were calculated from the onset of each target stimulus.
MEG Data Acquisition
MEG recording was conducted with an axial gradiometer 157-channel whole-head system (Kanazawa Institute of Technology, Japan) at the MIT-KIT MEG Laboratory. Prior to recording, five small electromagnetic coils were affixed to the participant's face. Using a Polhmeus FASTRAK 3-D digitizer, we recorded the locations of the coils and the participant's head shape in reference to three cranial landmarks in order to establish a head coordinate system for each participant. After digitization, the participant was positioned in the MEG apparatus situated in a magnetically shielded, quiet room. The locations of the electromagnetic coils were recorded with respect to the MEG sensors. With this information, MEG measurements could be visualized in each participant's head coordinate system. During analysis, we created a spherical model of each participant's head on the basis of the head shape digitization, allowing for source localization in the absence of structural magnetic resonance imaging (MRI) data for each participant (since structural MRI data were not available). During recording, the sampling rate was 1000 Hz, with acquisition between direct current and 200 Hz. We used the continuously adjusted least squares method to remove external sources of noise (Adachi, Shimogawara, Higuchi, Haruta, & Ochiai, 2001 ).
Data Analysis
Behavioral data. For the clinical testing data, phonological and semantic component scores were calculated from performance on the tasks that assessed these types of processing. The phonological component score is the mean proportion correct across three tasks: Auditory Discrimination, No Interval; Auditory Discrimination, Filled Interval; and the phonological foils items on the PNVT. The semantic component score is the mean proportion correct across five tasks: Lexical Comprehension, Within Category Distractors; Synonymy, Nouns and Verbs; Synonymy, Concrete and Abstract; Semantic Picture Matching; and the semantic foils items on the PNVT.
The priming data were corrected for outliers (> 3 SDs above or below mean value for a particular participant), incorrect trials, and time-out errors. In addition, whenever an item was removed, its "partner" items were also removed (i.e., if an item was excluded in the related, control, or identity condition, it was excluded in the other two of these conditions as well). An exception to these rules was made for one person with aphasia (Participant A2), who could not reliably complete the lexical decision task but who demonstrated that he was attending to the stimuli by responding differentially to the identity and nonidentity conditions. For this participant, incorrect trials were included in order to have an adequate number of trials for analysis.
We analyzed the priming data to examine (a) overall differences in response speed between groups, (b) identity and semantic priming within each group, and (c) accuracy and response bias. We examined overall response speed by averaging together RTs from all conditions within each group and comparing these values between groups. We assessed priming by comparing RTs in the relevant experimental condition (identity or semantically related) to the control condition for each group. To assess accuracy and response bias, respectively, we computed d ¶ ("d-prime") and c (the "criterion"). The d ¶ statistic is based on the hit and false-alarm rates transformed into z scores. If d ¶ = 0, accuracy is at chance; if d ¶ > 0, accuracy is above chance; if d ¶ < 0, accuracy is below chance. The criterion is a measure of a participant's bias to respond "yes" or "no" and is also computed from the z-transformed hit and false-alarm rates. If c = 0, there is no bias; if c > 0, there is a "no" bias; if c < 0, there is a "yes" bias (Macmillan & Creelman, 2005) . Both d ¶ and c were computed for each participant in three different ways: overall, on identity items only (identity items vs. nonword identity items), and on nonidentity items only (related, control, and unrelated items vs. nonword items). The identity versus nonidentity distinction was made because the responses of at least one person with aphasia (A2) were strongly influenced by repetition.
Because the small number of participants per group violates the assumptions of parametric statistics, nonparametric tests were used for all comparisons. For multiple pairwise comparisons, alpha was adjusted with a Bonferroni correction.
MEG data. Raw MEG data were analyzed with MEG160 software (Yokogawa Electric Corporation, KIT, Japan). Trials were excluded if they were excluded in the behavioral analysis, if the MEG activation exceeded a pre-set threshold determined for each participant (typically, more than either 1.5 or 2.0 pico Tesla [pT] from 0), or if one of the partner items was removed (e.g., if an item was excluded in the related condition, it was also excluded in the identity and control conditions). MEG responses time-locked to the target onset were averaged together across all trials for a given participant. An equivalent current dipole approach (ECD; Hämäläinen, Hari, Ilmoniemi, Knuutila, & Lounasmaa, 1993) was used to localize sources that could account for dipolar field patterns seen in the left hemisphere of this averaged response. An ECD represents the location, orientation, and strength of the electric current generating the magnetic signal measured with MEG. ECDs were generated millisecond by millisecond.
For each participant, the M350 response was identified based on the field pattern, timing, location, and orientation of the dipole source (Figure 2 ). The M350/ N400m field pattern has been demonstrated in numerous previous studies, including Embick, Hackl, Schaeffer, Kelepir, and Marantz (2001) and Uusvuori, Parvianinen, Inkinen, and Salmelin (2008) . The M350 was typically observed for an extended period somewhere in the time window of 250-600 ms. Within the time range where the M350 was present, the ECD was selected that (a) fit the data with a goodness of fit (GOF) ≥ 90%, and (b) exhibited the highest level of activation among all of the other ECDs that met the first criterion. This ECD was chosen as the M350 source model. The recording channels were then assigned weights based on this model: MEG sensors that would detect strong positive fields when this model source was active received largemagnitude, positive weights; sensors that would detect weak positive fields when this source was active received small-magnitude, positive weights; sensors that would detect strong negative fields when the model source was active were assigned large-magnitude, negative weights; and so forth. Essentially, these sensor weights served as a spatial filter designed to pass the M350 signal for each individual while attenuating other response patterns. This is a potentially important feature when quantifying single-trial data in a clinical population; these individuals may be more likely to produce unexpected patterns of activation, and use of a spatial filter ensures that the field pattern of interest is in fact being detected. Although this spatial filter approach is novel, there is a precedent for extracting MEG data from single trials during a behavioral paradigm (Solomyak & Marantz, 2009 , 2010 .
Matlab software (Mathworks, Inc.) was used to extract from the raw MEG data the activation values for each of the recording channels after the onset of each target word. For each channel, these values were averaged across 100-ms-wide overlapping time bins (e.g., 1-100 ms, 51-150 ms, 101-200 ms, etc.) from stimulus onset to 1,600 ms post-onset. The averaged values were then weighted according to the M350 ECD model, and the weighted values were averaged together across selected channels (those over the M350 dipolar field pattern) to create a mean value for each time bin for each trial. If this value was negative, indicating that the M350 dipole was a poor model for the measured data in that time bin, then the negative value was replaced by zero, since the strength of non-M350 activation was not of interest. These extracted values were then averaged together Figure 2 . M350 magnetic field pattern and location and orientation of the corresponding equivalent current dipole (ECD). A: The field pattern of the M350 is characterized by positive (i.e., out-going) fields arising from the left posterior portion of the head (shown in red) and by negative (i.e., in-going) fields arising from the left anterior portion of the head (shown in blue); this is an example from one participant. B: The ECD that accounts for the M350 field pattern is located in the left temporal region and is oriented pointing in the posterior-caudal direction. L = left; R = right; A = anterior; P = posterior.
across trials by condition to generate an overall M350 activation value for each time bin for each condition. More specifically, this activation value is the weighted average of the selected sensors, averaged across all items within a condition. These mean activation values reflect how well the activity resulting from a stimulus is modeled by the M350 ECD model in a given time period.
For each participant, these values were then normalized with reference to that individual's general level of activation as follows:
where M t,c is the mean activation value for a given time bin t and a given condition c, and A is the average of all activation values across all time bins and all conditions for a given participant. These values were plotted across time, and the M350 peak was identified for each condition for each participant according to the following rules: Peaks at or before 200 ms were deemed too early to be from M350 activity and were therefore not chosen. These early peaks are presumably due to the primary auditory response, the M100. The M100 and M350 have virtually identical field patterns (and, therefore, nearly identical ECD locations and orientations; Helenius, Salmelin, Richardson, Leinonen, & Lyytinen, 2002) . The first "primary" peak (i.e., not a "shoulder" of a larger peak) was selected, provided that an M350 field pattern could be identified somewhere in the chosen time bin. Peak times were defined as the midpoint of the peak time bin (e.g., 350 ms for the time bin 301-400 ms).
The MEG data were analyzed to examine (a) overall between-groups differences in M350 latency and amplitude; (b) semantic priming within each group, assessed both in terms of M350 latency and M350 amplitude; and (c) identity priming within each group, assessed both in terms of M350 latency and amplitude. To examine overall between-groups differences in the M350 response, we averaged together the latencies and amplitudes, respectively, for each individual across the three conditions of interest. We compared these values across groups. To assess semantic priming, we computed difference scores (semantically primed condition -control condition) for each participant for both the latency and amplitude of the peak M350 response. This yielded a score reflecting the effects of semantic priming on M350 latency and a score reflecting the effects of semantic priming on M350 amplitude for each participant. For each group, each set of difference scores (latency and amplitude) were compared with the null hypothesis of a difference equal to zero. The same methods were used to assess identity priming within each participant group. Nonparametric tests were used for all comparisons because the small number of data points per group violates assumptions of parametric statistical methods.
Results
Clinical Testing
Results of the clinical assessment, along with the resulting component scores, are presented in Table 2 .
Priming Task
Individual data are shown in Table 3 . To assess overall differences in response speed among the groups, we computed a mean RT for each participant by averaging the RTs from the related, identity, control, and nonword conditions (the nonword identity and unrelated conditions were omitted from this average since two participants had not been exposed to these conditions). Group means, standard deviations, and ranges for RTs across conditions are shown in Table 4 . A Kruskal-Wallis test revealed a marginally significant effect of group on overall RT, c 2 (2) = 5.73, p = .06. The mean ranks (with lower rank indicating a faster RT) were as follows: younger controls, 16.8; older controls, 8.7; people with aphasia, 15.0. Follow-up pairwise comparisons with MannWhitney U tests showed significant differences between the younger and older controls (U = 16.00, z = -2.37, p = .02), but neither of the other comparisons attained significance (for younger controls vs. people with aphasia, U = 31.00, z = -0.39, p = .70; for older controls vs. people with aphasia, U = 17.00, z = -1.54, p = .13).
To assess priming, we ran a Friedman test for each group by using the RTs for the related, identity, and control conditions. Younger and older controls showed a significant overall priming effect, whereas the people with aphasia showed a marginally significant overall priming effect: c 2 (2) = 13.40, p < .01; c 2 (2) = 16.22, p < .01; and c 2 (2) = 5.43, p = .07, respectively. We conducted follow-up Wilcoxon signed-ranks tests with Bonferroni corrections to isolate which priming effects were significant. Older controls exhibited significant semantic and identity priming (z = -2.67, p = .008; and z = -2.67, p = .008, respectively), younger controls did not show significant semantic priming but did show significant identity priming (z = -0.97, p = .33; and z = -2.80, p = .005, respectively), and people with aphasia exhibited significant semantic but not identity priming (z = -2.37, p = .018; and z = -1.521, p = .128, respectively).
The d ¶ and c statistics averaged by group (excluding participants Y1 and C1, since they were not exposed to all of the conditions that the other participants were) are shown in Table 5 . To more formally assess group differences in accuracy, we ran a Kruskal-Wallis test on Phonological processing component score = mean proportion correct across the two Auditory Discrimination tasks and the phonological foils items on a modified version of the Philadelphia Name Verification Task (PNVT). c Semantic processing component score = mean proportion correct across the two Synonymy tasks, the Lexical Comprehension task, the Semantic Picture Matching task, and the semantic foils items on a modified version of the PNVT. Note. Two participants (Y1 and C1) completed a version of the task that did not include the nonword identity and unrelated conditions. Means with asterisks are significantly different from the control condition at the p = .05 level, not controlling for multiple comparisons.
overall d ¶ values. Group membership had a significant effect on accuracy, c 2 (2) = 11.45, p < .01. The mean d ¶ ranks, with lower rank indicating a smaller d ¶, were 17.61 for younger controls, 12.81 for older controls, and 5.57 for people with aphasia. Follow-up pairwise comparisons were performed with Mann-Whitney U tests. After Bonferroni corrections, two comparisons were significant: The people with aphasia had significantly lower overall d ¶ scores than either the younger (U = 4.00, z = -2.91, p = .004) or the older (U = 7.00, z = -2.43, p = .015) control group. The difference between younger controls and older controls did not quite attain significance (U = 17.50, z = -1.78, p = .08). A Kruskal-Wallis test was also run on c values, revealing a significant effect of group on bias, c 2 (2) = 7.75, p = .02. The mean ranks, with lower rank indicating a greater "yes" bias, were 11.83 for younger controls, 8.19 for older controls, and 18.29 for people with aphasia. Follow-up pairwise comparisons with Mann-Whitney U tests and Bonferroni corrections showed that the difference between older controls and people with aphasia was significant (U = 7.00, z = -2.43, p = .015), between younger controls and people with aphasia was marginally significant (U = 12.00, z = -2.07, p = .039), and between younger and older controls was not significant (U = 22.50, z = -1.30, p = .19).
MEG Data
For one of the participants with aphasia, A4, an ECD in a suitable M350 time window with a GOF ≥ 90% could not be identified. Therefore, an M350 source model was not available, and MEG analysis for this individual was discontinued. Group averages of the resulting normalized M350 activation values for the other participants were plotted by condition (Figure 3 ) and across conditions (Figure 4) . Individual peak normalized activation values and the latencies to these peaks are shown in Table 6 .
Using Kruskal-Wallis tests, we found that the difference among groups was significant for latency, c 2 (2) = 11.55, p < .01, but not for amplitude, c 2 (2) = 1.342, p = .51. The mean ranks for the latencies, with lower rank indicating shorter latency, were 8.20 for the younger controls, 12.94 for the older controls, and 21.08 for the people with aphasia. The significant effect of group on latency was followed up with Mann-Whitney U tests, which showed that the differences between the younger control group and the group with aphasia (U = 2.00, z = -3.05, p < .01) and the older control group and the group with aphasia (U = 6.50, z = -2.43, p = .01) were significant, but the difference between the younger controls and the older controls did not attain significance (U = 25.00, z = -1.64, p = .11).
One-sample Wilcoxon tests (Table 7) revealed that the younger controls exhibited significant semantic priming of the M350 amplitude and significant identity priming of both amplitude and latency. The older controls showed significant identity priming and semantic priming of the M350 amplitude. The people with aphasia did not show any significant priming of either M350 latency or amplitude. (Note that the p values were not corrected for multiple comparisons.) Figure 3 . Group averages of the normalized M350 values, by condition. "Rel" is the semantically primed condition, "ID" is the identity primed condition, and "Ctrl" is the control condition. A = younger control group; B = older control group; C = aphasia group.
Because M350 latency was significantly longer in the group with aphasia compared with either of the two control groups, we explored the importance of this variable within the group with aphasia. The correlation between semantic component score and mean M350 latency was significant (Spearman's r = -0.81, p = .05). However, neither the correlation between auditory comprehension (AC) component score and mean M350 latency or between phonological component score and mean M350 latency attained significance (Spearman's r = -0.49, p = .33; and Spearman's r = -0.64, p = .17, respectively).
Discussion
The question of how lexical activation is affected in aphasia is central to understanding the disorder. Two key methods to address this question are online cognitive-linguistic tasks, such as priming, and methods for measuring neural activity during lexical processing. On the basis of the results of priming studies, some investigators have suggested that people with aphasia have atypical levels of automatic lexical activation (Blumstein, 1997) , while others have pointed to an abnormal time course of lexical activation (Prather et al., 1992 (Prather et al., , 1997 . Electrophysiological measures are useful for exploring both of these hypotheses. These measures are able to track cortical activity with excellent temporal precision, and a particular MEG response, the M350, has been associated with spreading activation among lexical entries (Pylkkänen & Marantz, 2003) . We examined whether the presence, latency, amplitude, or sensitivity to priming of the M350 differed in people with aphasia compared with controls. We also explored whether M350 latency was related to off-line clinical assessments of semantic and phonological processing deficits in the people with aphasia. Older control participants served as a comparison group matched to the people with aphasia, and a younger control group was included so that data from the tasks could be understood in the context of the wider literature on lexical processing. The group with aphasia spanned a range of severity, with some of the individuals having mild deficits. We predicted that the group with aphasia would (a) show a smaller amplitude and longer latency of the M350, compared with controls; ( b) show identity priming of the M350; and (c) fail to show semantic priming of the M350. As is elaborated below, the third prediction and part of the first prediction were borne out, while the second was not.
To address the first prediction, we looked at the M350 averaged across all stimulus conditions. Contrary to expectations, the group with aphasia did not show a decreased M350 amplitude compared with either control group. Consistent with the first prediction, though, the group with aphasia did show a longer M350 latency than either control group. This delayed activation could be modeled as abnormal activation resting levels or abnormal rise times of nodes within the lexical network, such that more time is required for activation to reach threshold (e.g., Blumstein, 1997; McNellis & Blumstein, 2001 ). Deficits of spreading lexical activation have also been modeled as decreased connection strengths between nodes, resulting in a lowered signal-to-noise ratio and a failure of lexical representations to reach the threshold required for selection (e.g., Dell, Martin, & Schwartz, 2007) ; this, however, would seemingly result in a reduced M350 amplitude, which was not observed in the present study. This finding must be interpreted with some caution, however, because the small sample sizes result in a considerable risk of Type II error.
In an attempt to explore whether the observed M350 delays could be isolated to activation deficits at either the phonological or semantic level, we examined the relationships between M350 latency and each of the clinical component scores. Aphasic deficits of phonological and semantic processing have been differentially associated with cortical activation abnormalities, as measured with EEG, in particular time windows during a language production task (Laganaro, Morand, & Schnider, 2008; Laganaro et al., 2009) . We included the AC component score as well because earlier studies have reported that M350 or N400 latency is inversely correlated with auditory comprehension (Breier et al., 2004; Swaab et al., 1997) . Only the correlation between semantic component score and M350 latency reached significance, demonstrating that longer M350 latencies are found in individuals with greater semantic deficits. Although this finding may support the notion that the delay in lexical activation is attributable to a disruption of semantic representations, the failure of the other two correlations to obtain significance is by no means conclusive, given the small sample size (n = 6). Furthermore, since the individuals with low semantic component scores also tended to have low phonological component scores, these two variables cannot be dissociated in this small group. Nevertheless, these preliminary data highlight the importance of using targeted clinical measures in conjunction with electrophysiological measures: The AC component score showed the weakest relationship to M350 latency (and this relationship did not attain significance). This measure, derived from the BDAE, is clinically useful but does not distinguish among the subprocesses required to successfully comprehend spoken language. ERP studies looking at the N400 (D'Arcy et al., 2003; Hagoort et al., 1996) and one MEG study looking at activity in the left STG (Breier et al., 2004) found correlations between comprehension impairments and activation latency. Given the present findings, along with the fact that both phonological and semantic processing are prerequisites for comprehension, it is possible that the cortical activation differences reported in these earlier studies could have been more specifically associated with a substage of processing.
The second prediction, that the group with aphasia would show identity priming of the M350, was the least certain. If spreading lexical activation indexed by the M350 is impaired in semantic priming (as we predicted), why should it show intact identity priming effects? We reasoned that relatively mild impairments could still allow for identity priming of the M350, as this type of priming should be very robust. However, this prediction was not borne out by the data. The aphasic group did not show either behavioral or M350 identity priming. The failure to find any type of identity priming in the aphasic group is striking, because this effect was quite strong in both control groups. This lack of identity priming may point to a more severe, widespread deficit in spreading activation. The implications of the identity priming data are considered more fully below.
Our third prediction was that the group with aphasia would fail to show semantic priming of the M350 response. Semantic priming of the M350 relies on automatic spreading activation among semantically related lexical representations. If at least some of the participants with aphasia had a deficit of spreading lexical activation, M350 priming should fail to attain significance in this group. In accordance with this, the group with aphasia did not show semantic priming of the M350; however, this group did exhibit significant behavioral semantic priming. This dissociation between the electrophysiological and the behavioral results is likely due to the fact that whereas the M350 tracks spreading activation directly, reaction times reflect the sum of many cognitive processes. If some people with aphasia have a specific deficit of automatic activation of lexical information, they may still exhibit behavioral semantic priming when the task allows for the use of nonautomatic processing strategies (Blumstein, 1997) . Although lexical associates were excluded from the semantically related pairs in an attempt to minimize participants' ability to predict the target from the prime, other features of the task (a long ISI, repetition of the targets across the three conditions of interest, a relatively high proportion of related word pairs, and presenting the stimuli in pairs rather than in a list) invited the use of nonautomatic lexical processes. These results indicate, then, that at least some of the people with aphasia had a deficit of spreading activation within the semantic level, coupled with a preserved ability to use strategic lexical processes.
Because our results, particularly with regards to identity priming, were somewhat surprising, we examined the data at the single-subject level to see whether any patterns emerged (e.g., if the more severely affected aphasic individuals, as reflected in the clinical component scores, were responsible for the lack of identity priming). To examine the single-subject data in a motivated way, it is necessary to consider which variables one might expect to be related. Because M350 priming was consistently reflected in the amplitude dimension (and latency effects were seen only for identity priming in the younger control group), it is sensible to consider whether M350 amplitude priming and behavioral priming show any relationship among the individuals with aphasia. Furthermore, because between-group differences were reflected in overall M350 latency and not amplitude, it may be helpful to look at M350 latency alongside clinical component scores in order to assess whether any subgroups emerge among the people with aphasia. Figure 5 organizes the single-subject data from the group with aphasia according to these considerations (single-subject data can also be seen in Tables 3  and 6 ); data are included for six of the seven participants, as A4 did not produce a measurable M350 response. Of these participants, three had relatively mild aphasia as reflected in the clinical component scores (A1, A3, A5), whereas the other three were more severely affected (A2, A6, A7; see Table 2 ).
Most of the people with aphasia showed the expected pattern of behavioral identity priming results, with shorter RTs in the identity than in the control condition. However, Participants A6 and A7 showed the opposite pattern. These individuals, along with A2 and A5, also showed an atypical M350 response to identity priming, with larger amplitudes in the identity condition than in the control condition ( Figure 5A ). In addition to their unusual responses to identity priming, A6 and A7 showed anomalous M350 semantic priming results (i.e., larger M350 amplitudes in response to semantically primed targets) and failed to show significant behavioral semantic priming at the single-subject level ( Figure 5B ). (A2, who also did not show significant behavioral semantic priming, had a very small M350 amplitude difference between the semantically primed and control conditions.) In and of itself, a failure to show behavioral semantic priming is not notable-semantic priming is a robust group-level effect but is not observed in every individual every time (as the control participants' data illustrate; Blumstein, 1997) . However, the pattern of results seen in A2, A6, and A7 is suggestive. These three participants also had the lowest semantic component scores and relatively long overall M350 latencies ( Figure 5C ). Taken together, these results provide evidence of a disruption in lexical activation that involves semantic processing; furthermore, this deficit is likely due, at least in part, to a disrupted time course of spreading activation.
The lack of identity priming in the group with aphasia is curious, especially given that this group did show behavioral semantic priming. The lack of a significant behavioral effect is attributable to A6 and A7, the only two participants with aphasia who did not show significant behavioral identity priming. It is notable that A2, the other participant with relatively severe aphasia, was unable to perform the lexical decision task and instead responded as though the task were to identify repeated items. A2 had the lowest semantic component Figure 5 . Single-subject data from six participants with aphasia. A: M350 amplitude identity priming effect and behavioral identity priming effect. B: M350 amplitude semantic priming effect and behavioral semantic priming effect. C: Overall M350 latency and clinical component scores (the auditory comprehension [AC] component score is divided by 100 to be the same order of magnitude as the other component scores). Priming effects were computed by subtracting the primed value (semantically or identity primed reaction time [RT] or M350 amplitude) from the control condition value (RT or M350). Significant behavioral priming is indicated with an asterisk. MEG = magnetoencephalography. score; presumably, whether an item was repeated was more salient for A2 than whether the item had an associated semantic representation. Perhaps this was also the case for A6 and A7 such that when they heard a repeated item, they were impelled to respond "yes" but were able to inhibit this inappropriate response and complete the task correctly. This could account for the longer RTs that A6 and A7 showed to items in the identity condition. This explanation is plausible but does not fully consider the electrophysiological data. Although most of the participants with aphasia (four out of six, including all three of the less severely affected individuals) showed evidence of semantic priming of the M350 amplitude, only two participants (A1 and A3, both in the less severely affected subgroup) showed evidence of identity priming of the M350 amplitude ( Figures 5A and 5B) , It appears, then, that automatic activation of repeated lexical items was somehow unusual in most of the participants with aphasia. This finding could be explained by disrupted timing of activation in the lexical network. For example, an increased decay rate might result in overactivation of a repeated lexical item, as activation from the second presentation of the item is added to the stillpresent activation from the first presentation of that same item. As this overactivation spreads to competitor lexical representations, it could effectively lower the signal-to-noise ratio (or activate more than one representation to levels above threshold), resulting in selection delay or failure and, in some cases, increased RTs. It may be that a combination of these two mechanismsabnormal automatic activation in response to repeated lexical items and the engagement of a different task strategy-are at the root of the unexpected identity priming results. Furthermore, these two explanations may not be entirely distinct; the abnormal automatic activation in response to repeated items may lead to an altered task strategy in some individuals.
From examining the data at the single-subject level, it becomes apparent that some of the people with aphasia (A1, A3, and, to some extent, A5) showed electrophysiological and behavioral priming similar to what was observed in the older control group. These individuals all had relatively mild aphasia, as evidenced by their clinical testing scores (Table 2) . A4 also had relatively mild aphasia but did not produce a measurable M350. He was, however, able to complete the lexical decision task with reasonable accuracy and some evidence of behavioral priming (semantic priming did not reach significance for him largely due to the high variance of his RTs). Given that his aphasia was well into the chronic stage, it is possible that neural reorganization had occurred so that even though the tissue that produces the M350 was no longer present, other regions had taken over some of the functions of the damaged area; this explanation, however, is admittedly speculative. After examining the data at the single-subject level, it is clear that the anomalous results that emerged at the group level were largely attributable to the more severely affected individuals.
Two findings from the control participants warrant further explanation. First, contrary to expectations, the younger control group had longer RTs than did the older controls. Second, the younger controls failed to show behavioral semantic priming but did show semantic priming of the M350 amplitude. The finding of longer RTs in the younger control group is contrary to what is typically found in studies that compare older and younger groups on speeded cognitive-linguistic tasks (e.g., Giffard, Desgranges, Kerrouche, Piolino, & Eustache, 2003; Myerson, Hale, Chen, & Lawrence, 1997) . It is unlikely that the younger participants were simply slower than the older controls in completing the task; it is more likely that they were either processing the task in a qualitatively different way or using additional steps. As discussed above, the priming task in this study included several features that invited the use of controlled strategies. The fact that the older controls exhibited significant behavioral semantic priming while the younger controls did not supports the contention that strategic processing played a role in the participants' performance. Semantic priming effects tend to increase with age (Laver, 2000; Laver & Burke, 1993; Myerson et al., 1997) , but most of the studies that show this phenomenon include elements that encourage the use of strategies (Giffard et al., 2003) . If differences in the amount of semantic priming in younger versus older adults are seen only in studies that allow for the use of strategic processes, it follows that automatic-spreading activation among lexical representations probably does not slow or degrade with age. Several studies support this idea (Balota, Black, & Cheney, 1992; Bowles, 1994; Burke, White, & Diaz, 1987; Stern et al., 1991) , and it is also supported by our findings that overall M350 latencies did not differ between the younger and older control groups. It is clear that the control participants in this study were able to make use of some strategic processes, and RTs were not driven solely by automatic lexical processing. The younger and older control groups may have been using different strategies, with the younger group using an approach that took more time but resulted in better performance (reflected in their higher d ¶ values).
The younger controls' failure to show behavioral semantic priming may actually not be surprising. Using printed stimuli in a list priming paradigm, Stern et al. (1991) found semantic priming in typical controls at an ISI of 500 ms but not at longer ISIs (800 and 1,500 ms). In order to distinguish between cortical responses to the prime and the target stimuli, we used a relatively long ISI (1,500 ms). This ISI, however, is not ideal for eliciting behavioral priming in controls. This long ISI sufficed for evoking behavioral semantic priming in older controls, who are expected to show more robust semantic priming, but not for younger controls.
Conclusions
A more complete understanding of the relationship between brain activity in healthy and aphasic individuals during speech processing is critical for developing novel interventions for individuals with aphasia and may also prove useful for creating more precise clinical outcomes measures. In addition to demonstrating the robustness of auditory lexical priming of the M350 response in healthy individuals, the present study provides evidence that delays in this signal are indicative of a lexical processing impairment, likely involving semantic processing. We found an increased M350 latency in people with aphasia, as well as a lack of either identity or semantic priming of the M350 response in this group. The variability among individuals with aphasia-both with electrophysiological and behavioral measures, both inter-and intrasubject-is notorious. Given this variability, single-subject analysis is crucial to ensure that important features of the data are not washed out by group averaging. To meaningfully pursue analysis at the single-subject level, detailed data about each individual are necessary. The approach used in the present study, which involves combining detailed clinical assessment, behavioral tasks, and electrophysiological measures, is a promising one.
